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4 wt% CuO–96 wt% TiO2 granules were prepared by a spray drying process. The microstructure and optical property of CuO–TiO2 granules
were studied. The results indicate that copper existed in the form of CuO. The spray dried granules possess spherical geometry and smooth
surface with grain size in the range of 40–80 μm. CuO–TiO2 has a relatively smaller Eg value (2.85 eV) than TiO2 (3.17 eV). The photocatalytic
property of CuO–TiO2 granules was investigated by degradation of a model pollutant (the azo dye methyl orange) under the irradiation of the
xenon lamp equipped with a band pass ﬁlter of 365 nm. The CuO–TiO2 spray-dried granules degrade about 10% more MO than TiO2 spray-dried
granules under UV irradiation within the same time. The XPS spectra suggested that Cu2þ and reduced copper species were coexistent in reacted
CuO–TiO2 photocatalyst. The improvement of photocatalytic activity for CuO–TiO2 was mainly attributed to effective separation of photo-
generated electron–hole pairs in the presence of CuO.
& 2015 Chinese Materials Research Society. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In recent years, nano-TiO2 has been the most widely studied
and used photocatalyst due to its super hydrophilicity, good
chemical stability, long durability, nontoxicity, low cost, and
strong oxidizing abilities for the decomposition of organic
pollutants [1]. However, the potential application of nano-TiO2
for photocatalytic degradation is limited by two main short-
comings, low quantum efﬁciency of photocatalysis and poor
ﬂowability of nano-powders.
At ﬁrst, when the irradiation energy of ultraviolet light is not less
than the band gap (3.2 eV) of TiO2 semiconductor, the electrons
can be excited and transfer from the valence band to the conduction
band and then electron–hole pairs are formed [2]. These photo-
generated electrons and holes migrate to crystal surfaces, where
they take part in redox reactions to oxidize the organic pollutants./10.1016/j.pnsc.2015.07.005
15 Chinese Materials Research Society. Published by Elsevier Gm
mmons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.In the presence of moisture, reactive species such as HO∙, OH2∙,
and H2O2 are generated, which can also oxidize the organics [3].
With release of phonons, the photo-generated electron–hole pairs
recombine alternately [4]. This recombination, which has faster
kinetics than surface redox reactions, is a major drawback because
it reduces the quantum efﬁciency of photocatalytic degradation. It is
better to add metal elements or semiconductor additions to get over
these obstructers. Some previous works had found that the copper-
incorporated TiO2 exhibited cracking photocatalytic activity for
hydrogen producing [5] since the recombination of photo-generated
electrons and holes was restrained. Moreover, It is proposed that
the copper compounds (Cu/Cu2O/CuO) prove to be active [6–10].
And Cu incorporated TiO2 even possess higher activity to some
noble metals loaded TiO2 [11], which further afﬁrm the huge
potential of cost-effective copper–TiO2 in photocatalysis. There are
many methods for preparing CuO–TiO2 such as sol–gel method
[12,13], impregnation method [14], modiﬁed ammonia-
evaporation-induced synthetic method [15,16], deposition–precipi-
tation (DP) method [17,18]. Although the spray drying method is
simple and facile, it still scarcely used in CuO–TiO2 preparation.bH. This is an open access article under the CC BY-NC-ND license
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in the gas phase [19]. Handling of dry nano-powder is not only
a potential health hazard [20,21] but also a process technical
challenge because conventional gravity-driven systems of
powder storage are not suitable for nano-powder [22]. The
ﬁne particles have inherent tendency to form cohesive powder
assemblies that contain hard agglomerates with poor ﬂow-
ability [23]. It is important to ﬁnd safe and effective way to
transform the nano-powder into coarse particles which shall
maintain nanostructure and porous structure to ensure the
photocatalytic property.
In this study, CuO–TiO2 coarse particles were prepared by the
spray drying process which aggregated nano-powder into free-
ﬂowing granules. Crystal structure, surface morphology and
speciﬁc surface area of aggregated CuO–TiO2 granules were
characterized. Photocatalytic properties of CuO–TiO2 granules
were evaluated by degradation of a model pollutant, the azo dye
methyl orange.
2. Experiments
2.1. Materials
The TiO2 powder (anatase, 99.9% grade, Nanjing High
Technology of Nano Material Co., Ltd., China) with grain size
in the range of 20–40 nm was used as the basic powder in this
study. The CuO powder (99.9%, Hang Zhou Wan Jing New
Material Co., Ltd., China) with grain size of 40 nm was used as the
dopant in this study.
2.2. Powder preparation
The spray drying method was used for the synthesis of CuO
incorporated TiO2. Spray-dried granules of 4 wt% CuO–96 wt%
TiO2 and pure TiO2 which served as reference were obtained by a
centrifugal spray-dryer (GZ-S5, Wuxi sun drying equipment
factory, China) with a drying capacity of 5 kg water/h. Fig. 1
shows the brief structure of the centrifugal spray-drying apparatus.Fig. 1. The brief diagram of the cenThe dryer has a 1.4 m drying chamber diameter with a cylindrical
height of 2 m and a 301 cone angle. Co-current drying is conducted
with the atomization nozzle positioned in the center of the hot gas
dispenser. The technological parameters of spray-drying are shown
in Table 1.
2.3. Characterization
The speciﬁc surface area of CuO–TiO2 granules was determined
by a surface area and pore size analyzer (NOVA2200e) and
calculated by the Brunaur–Emmett–Teller (BET) method using the
N2 adsorption data at the range from P/P0¼0.05 to 0.95. The pore
diameter distribution curve was derived from the adsorption branch
by the BJH method.
The crystal structure of spray-dried CuO–TiO2 was investigated
by X-ray diffraction (XRD, D/max2200PC, Cu Kα). The morphol-
ogies of the spray-dried granules were observed with the scanning
electron microscopy (SEM, Hitachi S-3500N, Japan) and the
transmission electron microscopy (TEM, JEM-2100, HR). The
ultraviolet–visible (UV–vis) spectrometer (Shimadzu UV-3600)
was employed to measure the absorption spectrum in wavelength
range of 220–800 nm using BaSO4 as a reference.
The photocatalytic property of the spray-dried CuO–TiO2
granules was evaluated by measuring degradation of methyl orange
(MO). The photocatalytic degradation was carried out under the
irradiation of the xenon lamp with a parallel light source system.
The xenon lamp (CEL-HXUV-300 W) was equipped with a band
pass ﬁlter of 365 nm. Three groups of granules were measured
including pure CuO granules, pure TiO2 granules, CuO–TiO2
granules. In addition, a blank experiment was carried out for
comparison, in which MO aqueous solution was placed under the
xenon lamp without adding any granules. The initial concentration
of MO aqueous solution was 15 mg/L and the pH value is 6. The
concentration of catalyst was 2 g/L. The granules were ﬁrst pre-
saturated in 150 ml MO aqueous solution at dark for 1 h with
magnetic stirring in order to reach adsorption–desorption equili-
brium. Then the xenon lamp was turned on to start degradation
process and 1.0 mL solutions were taken out every 10 min astrifugal spray-drying apparatus.
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measured by UV–vis spectrometer in wavelength of 465 nm.
The degradation percentage (%) is evaluated by the following
equation:
D¼ A0At
A0
 100% ð1Þ
where D is degradation percentage, A0 and At are the
absorbance of the samples at UV irradiation time 0 and t,
respectively.
Furthermore, XPS analysis was conducted to illustrate the
surface chemical state of elements in CuO–TiO2 photocatalyst
after the degradation reaction.
3. Results and discussion
3.1. Spray-dried granules characterization
The surface morphologies of CuO–TiO2 microspheres were
studied by SEM. As shown in Fig. 2, the nanoparticles are
highly agglomerated to rounded granules with grain size in theTable 1
The spray drying parameters.
Pressure in
tank
Spray
current
Spray
voltage
Inlet
temperature
Outlet
temperature
Rotating speed
of nozzle
(KPa) (A) (V) (1C) (1C) (r min1)
0.12 4 380 120 60 7200
Fig. 2. SEM pictures of CuO–TiO2 microsrange of 40–80 μm. The spray dried granules possess spherical
geometry and smooth surface, indicating that they have good
ﬂowability. Abundant tiny holes and openings are observed on
the spherical surface. The loose and porous structure of
microspheres is highly conductive to photocatalytic degrada-
tion. On the other hand, nanoparticles easily aggregate to
submicron particles in aqueous media due to their high surface
energy, resulting in the reduction of contact area with UV light
and organic reactants [24]. In contrast, the microspheres
prepared by spray drying do not have this problem. Moreover,
photocatalysts in the form of microspheres are more easily to
recycle and reuse compared with nano-powder. Thus, the
surface morphology of microspheres prepared by spray drying
is beneﬁt for photocatalytic degradation reaction.
Nitrogen adsorption–desorption by TiO2 and CuO–TiO2
spray-dried granules was carried out in order to estimate their
BET surface areas and pore-size distribution. The results show
that BET surface area and total pore volume of TiO2 granules
are 53.91 m2/g and 0.18 cm3/g while that of CuO–TiO2
granules are 46.25 m2/g and 0.17 cm3/g. It indicates that
TiO2 and CuO–TiO2 granules become porous materials after
the spray drying process. The nitrogen adsorption–desorption
isotherms of TiO2 and CuO–TiO2 are shown in Fig. 3. The
nitrogen adsorption–desorption isotherms of TiO2 and CuO–
TiO2 are of type IV, which is typical of mesoporous materials.
Pore-size distribution curves calculated by those desorption
branches of the isotherms are shown in Fig. 4. It shows that
TiO2 and CuO–TiO2 spray-dried microspheres have relatively
narrow pore size distribution with average pore diameters atpheres prepared by spray drying.
20 30 40 50 60 70 80 90
0
300
600
900
1200
1500
T-  TiO2 (Anatase)
C-  CuO
C
C TTT
TTT
T
T
T
T
In
te
ns
ity
 / 
C
PS
2  /θ °
Fig. 5. XRD patterns of CuO–TiO2 prepared by spray drying.
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tions of TiO2 and CuO–TiO2 also indicate the presence of
mesoporosity although they are not regularly ordered pores.
Thus, the multi-scale mesoporosity of TiO2 and CuO–TiO2
granules is high enough to prevent a decline in speciﬁc surface
area values after the spray drying process, which is beneﬁt for
the photocatalytic activity of degradation.
The crystalline phase of CuO–TiO2 prepared by the spray
drying process was investigated by XRD. As clearly shown in
Fig. 5, only characteristic peaks of anatase TiO2 and CuO
crystal are observed. There are no other crystalline forms of
copper oxide (i.e.Cu2O) or copper–titanium oxide (i.e.
CuTiO3) present, indicating that copper exists as CuO after
the spray drying process. The absence of rutile characteristic
peaks indicates that TiO2 have scarcely undergone phase
transformation during the spray drying process. This is
beneﬁcial to photocatalytic degradation since anatase structure0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3. Adsorption–desorption isotherms of TiO2 and CuO–TiO2 prepared by
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Fig. 4. Pore size distribution of TiO2 and CuO–TiO2 prepared by spray drying.has the best photocatalytic activity in all of the crystalline
structures of TiO2.
The CuO–TiO2 spray-dried granules were also characterized
by TEM to further investigate the internal morphology and
grain sizes. The micron granules were broken into dispersed
particles by ultrasonic vibration in advance. As can be seen
from Fig. 6, many gray particles were observed mixed with a
few darker spots. The EDS spectrum (a) conﬁrmed that the
gray particles contained Ti and O merely. Considering the
XRD result, the gray particles can be identiﬁed as TiO2 with an
average size of 20–40 nm. Through the EDS analysis of
selected point b, the darker spots prove to be CuO particles
with an average size of 40 nm. This reveals that the granules
are composed of many nanoparticles which could provide
higher surface areas and more active sites for the photocata-
lytic reaction. Thus, spray drying can be deﬁned as an effective
and unique process to transform the nano-powder feed into the
particles which have good ﬂowability and can be easily
reclaimed.3.2. Optical properties
The UV–vis absorption spectra of the CuO–TiO2 and TiO2
granules were displayed in Fig. 7. Apparently thresholdats can
be clearly seen on both curves (a) and (b) around 360 nm which
is associated with excitation of O 2p electron to Ti 3d level.
Compared with TiO2, CuO–TiO2 exhibits stronger optical
absorption. It is observed that obvious red-shift has taken place
at the absorption edge of CuO–TiO2. The red-shift of optical
absorption is attributed to the presence of CuO. The higher
absorption intensity means the faster formation rate of electron–
hole pairs on the photocatalyst surface. Thus, CuO–TiO2
photocatalyst shall exhibit higher photocatalytic activity in
theory.
As shown in Fig. 7(b), (Ahυ)2hυ ﬁgure calculated from
UV–vis absorption spectra was plotted to obtain band energy
gap. The band energy gap of the photocatalysts could be
0 1 2 3 4 5 6 7 8 9 10
0
500
1000 C
Ti
Ti
C
ou
nt
s/
a.
u.
Energy/keV
Ti
O
0 1 2 3 4 5 6 7 8 9 10
0
1000
2000
3000
4000
Cu
Cu
O
C
ou
nt
s/
a.
u.
Energy/keV
Cu
C
50nm
b
a
Fig. 6. TEM image and EDS spectra of the CuO–TiO2 spray-dried granules.
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ðαhυÞn ¼ k ðhυEgÞ ð2Þ
where α is the absorption coefﬁcient, hυ is the energy of the
incident photon, k is the parameter related to the effective
masses which is associated with the valence and conduction
bands, n is 1/2 for a direct transition, and Eg is the band gap
energy. According to Lambert–Beer law, absorption coefﬁcient
(α) is proportional to absorbance. Thus, the energy intercept of
the curve in (Ahυ)2hυ plot gives Eg when the tangent line is
extrapolated to the zero ordinate. As shown in Fig. 7(b), CuO–
TiO2 has a relatively smaller Eg value (2.85 eV) than TiO2
(3.17 eV). As a result, active species such as HO∙, OH2∙, andH2O2 can be generated more easily for CuO–TiO2 under the
same UV irradiation. It indicates that CuO–TiO2 has better
ability of light absorption when compared with TiO2.
3.3. Photocatalytic properties
In order to explore the photocatalytic properties of the samples,
the degradation of methyl orange (MO) solution was carried out
under xenon irradiation (wavelength in 365 nm). The degradation
experiments were repeated three times to improve accuracy.
During the experiment, we could observe that the dye solution
lost its color increasingly. Moreover, the absorbance for dye
decreased with increasing UV irradiation time, suggesting the MO
concentration decreased. Then degradation percentages of methyl
orange were obtained by Eq. (1).
XPS analysis was conducted to illustrate the surface
chemical state of elements in CuO–TiO2 photocatalyst after
the degradation reaction. As shown in Fig. 8(a), photoelectron
peaks for Ti, O, Cu and C elements are recorded. Among them,
the C 1s peak, which has the binding energy of about
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spectra. High-resolution scanning in Fig. 8(b)–(d) shows the
detailed chemical environment of elements. To be noted that Ti
2p XPS peaks are sharp and strong. The binding energies of Ti
2p1/2 and 2p3/2 are 464.3 eV and 458.5 eV respectively. These
two features indicate that the Ti element mainly existed as the
chemical state of Ti4þ . It can be observed from Fig. 8(c) that
O 1s shows in two main peaks at about 531.8 eV and 529.8 eV
which indicates the adsorption oxygen (Oads) and the lattice
oxygen separately. In Cu 2p spectra (Fig. 8(d)), the binding
energies of Cu 2p3/2 locate at 933.6 eV, which along with the
obvious shake-up satellite peaks are two major XPS character-
istics of Cu2þ . Meanwhile, the lower binding energies of Cu
2p1/2 and 2p3/2 located at 952.1 eV and 932.1 eV suggest the
presence of reduced copper species, such as Cuþ or Cu. So it
is apparent that Cu2þ , reduced copper species are coexistent in
CuO–TiO2 photocatalyst after degradation.
The degradation percentages by different granules are shown in
Fig. 9. It can be observed that CuO–TiO2 spray-dried granulesdegrade about 10% more MO than TiO2 spray-dried granules
within the same time. This is consistent with stronger light
absorbance and lower energy band gap of CuO–TiO2 in theory.
CuO–TiO2 exhibits superior photocatalytic activity under UV
irradiation to bare TiO2 although CuO–TiO2 possesses smaller
BET surface area, suggesting that CuO additions can signiﬁcantly
promote photocatalytic degradation activity. According to some
previous studies, the superior photocatalytic activity of CuO–TiO2
is attributed to effective separation of photo-generated electron–
hole pairs, which is crucial for efﬁcient photocatalytic degradation.
The presence of CuO improves the quantum efﬁciency and
increases the level of charge transfer. Since conduction band of
CuO (4.96 eV) is more negative than that of TiO2 (4.21 eV)
[25], the electrons excited from TiO2 will rapidly transfer to CuO
to recombine with holes, instead of staying in TiO2. The excess
electrons accumulate in CuO, leading to negative shift in Fermi
level of CuO [26]. As a result, the Cu2þ translates into Cuþ or
Cu, which is consistent with the XPS results. Then Cuþ or Cu
gives the excited electrons to oxygen adsorbed on the surface of
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through the following way:
Cu2þþe-Cuþ
Cuþþe-Cu
CuþþOads-Cu2þþOads
CuþOads-CuþþOadsThe overvoltage of Cu2þ mitigates the electron/hole
recombination and Cuþ can give electron to oxygen which
adsorbs on the surface of catalysts. The coexistence of Cu2þ
and reduced copper species can give rise to high activity of
photocatalytic degradation.4. Conclusion
CuO–TiO2 granules were aggregated by the spray drying
method. The XRD results showed that no phase transformation
occurred. Titanium existed in the form of anatase TiO2 and
copper existed as CuO after the spray drying process. The
prepared CuO–TiO2 granules were proved to be mesoporous
materials which were composed of many nanoparticles and
uniform size pores. From UV–vis absorption spectra, obvious
red-shift could be observed at the absorption edge of CuO–
TiO2, when compared with TiO2. The CuO–TiO2 exhibited
superior photocatalytic degradation activity to bare TiO2 under
UV irradiation. The XPS spectra suggested that Cu2þ and
Cuþ /Cu species are coexistent in reacted CuO–TiO2 photo-
catalyst. The photocatalytic activity improvement of CuO–
TiO2 was mainly attributed to the coexistence of Cu
2þ and
Cuþ /Cu species.References
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